Introduction
Fluorescently labeled oligonucreotide probes have been widely used in biotechnology fields to detect a specific gene, virus, or organism. It has been reported that the fluorescence of some fluorescent dyes is quenched by an interaction between the dyes and a nucleobase. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This quenching causes a big problem in the fluorescence in situ hybridization (FISH) method, which is frequently used in ecological studies to detect specific microorganisms. 11 In the process of the FISH method, the oligonucleotide probes that are not hybridized with the target DNA or RNA are washed out, but some of them remain and cause noise. If the fluorescence of the probe that hybridized with the target is quenched by the interaction between the probe and a base, the signal/noise ratio is greatly reduced. This fluorescence-quenching phenomenon is undesirable in DNA sequencing with fluorescent dye-labeled primers or terminators, the DNA microchip method, and a fluorescence resonance energy transfer study of DNA.
However, this quenching is useful in some cases. By using intra-molecular quenching in TAMRA-labeled oligonucleotides, oligonucleotide conformational dynamics in solution have been successfully monitored by several research groups. 4, 5, 8 Oligonucleotides modified with FAM 3, 6 or BODIPY FL 7, 10 dye have been used as quenching probes to determine specific DNA or RNA and to measure enzyme kinetics.
This fluorescence quenching is often observed between some dyes and a guanine, which is the most oxidizable nucleobase. This phenomenon is believed to involve a photoinduced electron transfer mechanism. 4, 6, 8, 9, 12 The dependency of fluorescence quenching on the distance between a dye and a guanine has been studied intensively by using fluorescent dyes, acridine, 9 stilbene, 13, 14 pyrene, 15 and oxazine dyes. 16 Photoinduced electron transfer occurring in the fluorescence-quenching process has been ascertained by detailed investigations of the photophysical and photochemical behavior of free dyes of coumarin derivatives, 12 rhodamine derivatives, [17] [18] [19] [25] [26] [27] [28] in the presence of a guanine. In these cases, the quenchable dyes acted as electron acceptors in their excited state and a guanine base acted as an electron donor.
In this study, for investigating the fluorescence-quenching phenomenon by photoinduced electron transfer between a fluorescent dye and a nucleotide base, we first measured the redox properties of five commercially available fluorescent dyes (listed in Fig. 1(a) ) in aqueous solution, and considered their potential of base-specific quenching based on a thermodynamic consideration. The fluorescence quenching of these free dyes by nucleic bases and appropriate electron donor was studied under diffusional conditions using steady-state Stern-Volmer experiments. Finally, we prepared several fluorescent dyeconjugated DNA probes (listed Fig. 1 ) and evaluated their basespecific fluorescence quenching with special attention to guanine bases. 
Experimental

Reagents
The fluorescent dyes listed in Fig. 1 (a) were purchased from Molecular Probes, Inc. (Eugene, OR), except for Cy3 (Amersham, Arlington Heights, IL), where R = sulfonyl chloride (5-FAM and Texas Red), sulfosuccinimidyl ester (BODIPY FL), succinimidyl ester (BODIPY R6G), and hexanoic acid succinimidyl ester (Cy3). The dyes were used as received without further purification. All experiments were conducted at pH 8.0 buffer of 100 mM Tris-HCl, 50 mM NaCl, and 1 mM MgCl2.
Preparation of dye-DNA conjugates
Dye-modified oligonucleotides were custom-synthesized by Takara Shuzo Co., Ltd. (Kyoto, Japan) using succimidyl esters of the dyes, and dye-phosphoramidite using the standard phosphoramidite method. All chromophores were attached to the 5′-end via aminohexylphosphate linker having an appropriate carbon spacer.
Electrochemical measurements
All fluorophores were saturated in the buffer and the solution was filtered with a membrane filter (pore size 0.22 µm, from Millipore) to remove any insoluble materials. Cyclic voltammetry (CV) was performed with an electrochemical analyzer (BAS CV-50W), where a three-electrode arrangement in a single cell was used. The working, counter, and reference electrodes were made of a glassy carbon disk, a platinum wire, and an Ag|AgCl 3M KCl, respectively. The scan rate was 100 mV s -1 . Dried pure argon gas was bubbled through the solution for 30 min prior to and passed over the solution during the measurement.
Spectroscopic measurements
Absorption spectra were recorded on a Hitachi U-3210 spectrophotometer. Fluorescence spectra were recorded on a Perkin-Elmer LS50B spectrofluorometer (CT, U.S.A.) with a thermo control cell holder. The measurements were carried out in a quartz cell at 25˚C. For continuous monitoring of the temperature-dependent fluorescence, e.g. an evaluation of the melting temperature (Tm) and quenching reversibility, a LightCycler (Roche Diagnostics, Mannheim, Germany) was used as a rapid air thermocycler with an integrated fluorometer. The sample solutions were not degassed, since the fluorescence spectra and intensity of these fluorescent dyes or dye-DNA conjugates were not changed compared with that of the degassed one.
Results and Discussion
Electrochemical estimation of quenching in free dyes
The quenching of some dye fluorophores by DNA bases is believed to involve electron-transfer mechanisms if the redox potentials are of appropriate relative magnitudes. Although direct measurements of the redox potentials for excited state would enable one to predict the efficiency of base-specific quenching of the targeted dye, such a technique can be applied only for long-lived excited radical species. 29 Thus, we usually adapted an electrochemically measured redox potential in the ground-state coupling with a zero-zero transient band. 30 The redox properties of commercially available fluorescent compounds listed in Fig. 1(a) were examined in aqueous solution by a CV measurement. The CV profile for 5-FAM, BODIPY FL, BODIPY R6G, and Texas Red exhibited the oxidation and reduction peaks, although the complementary peaks were missing in the reverse scan, as observed in a previous report. 12 For such irreversible reactions, accurate redox potentials are not typically available. Although the redox potential could be roughly estimated by the half value of the first corresponding peak voltages, since the deviation from the true redox potential was expected to be sufficiently small. 12 In this study, because we focused on nucleobase-specific quenching based on photoinduced electron-transfer reactions,
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The Ered o (F*) levels of dyes and the oxidation potentials of nucleobases, Eox o (N), are illustrated in Fig. 2 to compare the differences between the dyes. In the case of BODIPY FL, the Ered o (F*) value for BODIPY FL was obtained as 1.59 eV versus a normal hydrogen electrode (NHE). This value supports the idea that the singlet-excited BODIPY FL is quenched only by guanine through the electron-transfer reaction. According to the free-energy change of Rehm-Weller theory, 31 expressed as
where C is a Coulombic term relating the energy of the separated ions and C can be neglected in water, 32 
Quenching properties of free fluorescence dyes
Steady-state fluorescence spectroscopy was performed for the five free dyes discussed above in the presence of a nucleobase (AMP, GMP, CMP) at 25˚C. Typical fluorescence spectra of BODIPY FL in the absence and in the presence of GMP are depicted in Fig. 3 . There was no change in the shape of the fluorescence spectra, indicating no BODIPY FL-GMP complex formation. For evaluating the quenching dynamics, the steadystate fluorescence quenching results were analyzed following the Stern-Volmer equation, 33
where F0 and F are the fluorescence intensities in the absence and presence of quenchers (Q = nucleobase or ferrocyanide ion), respectively, and KSV is the quenching constant. For almost all of the free dye-quencher systems studied here, the Stern-Volmer plots were linear, except for the 5-FAM-AMP and BODIPY FL-CMP couples, as shown in Fig. 4 . The KSV values for each linear couple were obtained from the slopes of the plots and are listed in Table 2 . The F0/F values of 5-FAM, BODIPY FL, and BODIPY R6G were proportional to the concentrations of GMP, which may reflect photoinduced electron transfer. In 5-FAM and BODIPY R6G, the fluorescence quenching by AMP were also observed. The KSV value for Texas Red-GMP pair was very small. In contrast to them, the fluorescence intensity of Cy3 did not decrease upon adding GMP and AMP. These results are in good agreement with the thermodynamic free-energy changes of these fluorophores examined above.
Some other reducing agents are also considered to act as electron donors in photoinduced electron transfer to an excited fluorophore. Ferrocyanide ion as well as ferrocene 34 is expected to be one of the powerful quenchers based on a photoinduced electron transfer reaction. In the case of ferrocyanide ion (0.36 V), it should act as a more favorable electron donor than guanine (1.47 V). As depicted in Fig. 4 , all fluorophores quenched by guanine were quenched intensively by ferrocyanide ions. This result may be indirect evidence for a photoinduced electron-transfer reaction occurring in the quenching process. The detection of an intermediate, such as a radical species produced by photo-induced electron transfer from nucleotides to excited fluorescence dye, would be direct evidence. 35 Although we also tried to detect them in the case of BODIPY FL-GMP and 5-FAM-GMP systems by ESR 157 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 spectrometry, all attempts were not successful. This may be attributed to the low stabilities for the radical species of the fluorescent dyes mentioned above.
Several dye-labeled DNA probe and its quenching by hybridization
Several kinds of commercially available fluorescent dyes, including the above-mentioned five fluorescent dyes (listed in Fig. 1 ) were attached to the 5′-end of oligonucleotide C10T6. When these probes were hybridized with the complementary oligonucleotide A6G10, the dye and guanine, which is the most oxidizable nucleobase, could be placed in a face-to-face orientation into a DNA helix. The quenching ratios of these probes after hybridization are listed in Table 3 . DNA probes modified with 5-FAM, BODIPY FL, and TAMRA were strongly (more than 80%) quenched by hybridization. These results were reasonable for the thermodynamics of the attached dyes.
In the FISH method, probes modified with 5-FAM or TAMRA have been frequently used. Probes modified with 5-FAM are usually called fluorescein isothiocyanate (FITC)-labeled probes by researchers in ecological fields. Probes modified with TAMRA are called tetramethylrhodamine isothiocyanate (TMRITC)-labeled probes. Our experiments showed that probes modified with these dyes were strongly quenched after hybridization by an interaction between the dyes and guanines. 5-FAM may be quenched by an adenine as well. When these dyes are used in probes, the design of the oligonucleotide should be carefully performed to avoid quenching caused by the interaction between the dyes and the nucleobases.
The quantum yield of the BODIPY FL probe markedly decreased up to 95%, the efficiency of which was strongest among the probes prepared here. In the case of BODIPY FL, the C6 linker was slightly more effective than the C9 linker to place the BODIPY into the effective quenching position. This result may show that the fluorescence quantum yield of the excited fluorophore in the double-stranded form depends on the distance between the fluorophore and the guanine base.
Interestingly, the BODIPY R6G probe, which was supposed to be strongly quenched by a guanine base from the data in free dye experiments, was only slightly quenched by hybridization (6%). There may exist some steric hindrance between BODIPY R6G and the guanine base to prevent smooth electron-transfer reactions by phenyl-substitution (compare the molecular structure between BODIPY FL and BODIPY R6G in Fig. 1) .
It is well known that the fluorescence spectrum of the fluorophore is greatly affected by the environment. In the DNA helix, a conjugated chromophore may be under hydrophobic conditions. For example, one of the BODIPY derivatives BODIPY 576/589, which is known to be very sensitive to water molecules, are not quenched, but affect their fluorescence lifetime by an adjacent guanine base. 36 Moreover, Cy3 and Cy5 conjugated DNA probes are not quenched, but change their profiles of fluorescence spectra upon hybridization; this change is believed to be attributed to stacking onto the end of the helix. 37 All fluorescent dyes used here were introduced as a non-DNA-intercalating reagent; however, more or less similar dye-base or dye-base pair interactions must exist for the doublestranded form of the dyes conjugated DNA constructed here. If there are some interactions like those mentioned above, the redox potentials of nucleobases or a dye would be influenced by the adjacent base. The degree of redox-potential shift by helix formation has not yet been fully understood, but it is clear that duplex formation would effect the quenching properties of the chromophores in a DNA probe.
In the BODIPY FL conjugated DNA probe, the ground-state absorption spectrum of BODIPY FL showed a small bathochromic effect (3 nm, data not shown) upon hybridization. Furthermore, the interaction of the BODIPY FL probe with the C6 linker to the terminus site was observed as a slightly higher Tm value compared with the values of other dye-DNA conjugates (Tm list in Table 3 ). These results indicate that each fluorescent dye conjugated to DNA has some interactions with the guanine base in the hybridization form.
For the purpose of predicting the three-dimensional structures of those DNA probes, the molecular-orbital calculations for several dye-DNA conjugates in the double-stranded form are now in progress by energy minimization using the HYPERCHEM software with MOPAC (Fujitsu Co. Ltd.). 38 One of these calculations revealed that the BODIPY FL fluorophore attached to the terminus site in DNA had a noticeable affinity to the opposite guanine base in the DNA helix. To know more details of such an interaction between a dye and nucleobases in a microenvironment, measurements of the fluorescence lifetimes on each couple would be necessary. The longer and shorter lifetime components came from the emission of each dye in a microenvironment could be helpful 158 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 for a detailed discussion. 39 The reason for the non-quenchable properties in the DNA attached form of BODIPY R6G, would be solved via above approaches.
The reversibility of those quenching reactions is the most important factor for constructing a quantitative assay format using this quenching technique. Some fluorophores conjugated DNA were reported to quench its fluorescence upon hybridization by photoinduced electron transfer accompanying DNA damage, such as irreversible electron transfer with guanine and/or DNA cleavage. 13, [25] [26] [27] [40] [41] [42] [43] [44] These matters are greatly related to recent topics of DNA electron transfer, 45 but are too complicated to understood. Some researchers examined both forward and reverse electron transfer in the photoinduced electron transfer process, e.g. charge recombination between a dye and nucleobases. 9, 20, [46] [47] [48] We here evaluated the reversibility of the fluorophore-DNA conjugates listed in Table 3 (Alexa 488, 5-FAM, BODIPY FL, Alexa 532, and 6-JOE) by repeating denature and hybridization steps using temperature control under continuously supplying blue LED with the maximum emission of 470 nm (0.1 mW) to all of the hybridization solution (the concentration of DNA probes and its complementary DNA were 40 and 160 nM, respectively). All of the DNA probes examined here were completely reversible after exposure to the above-mentioned conditions over a period of a few hours. These results indicate that photoinduced electron transfer occurred in the present DNA probes accompanying the complete back electron-transfer reaction. In any case, such reversibility would guarantee the reliability of the quantitative discussion for these quenching phenomena observed with the DNA probes.
Conclusion
The redox properties of commercially available fluorescent dyes were investigated using the CV technique. The fluorescence intensities of these free dyes in both the presence and absence of nucleobases were also measured. The obtained relationship between the Ered Some thermodynamically quenchable fluorescent dye also exhibited a similar reduction of its fluorescence upon hybridization by incorporating to oligonucleotides. However, there was a case in which the quenching characteristics of a fluorescent dye attached to the oligonucleotide did not agree with the experimental results for free dye. The microenvironmental location of a modified dye in the DNA helix is also important to understand quenching phenomena based on photoinduced electron transfer in a DNA probe. To obtain deeper knowledge concerning DNA probe fluorescence quenching, a further study using time-resolved fluorescence quenching measurements would be necessary. With such measurement techniques, the molecular geometry of the attached dye in the DNA hybridization state should be discussed more precisely.
